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SUhBOLS AND NOTATION

-A aver~ags

d depth of t Cat

D model draCt. - feet.

F horizontal cable force at bottom - pounds (force)

FA average maximum force

FM absolute maximum force

Hi incident, undisturbed vave height (without test object in place)
- feet

Ht transmitted wave height (shoreward of object) - feet

tA!Hi tra.-si ssion coefficiont

, :iwo,1 length in direction of wave travel - feet

L --- ) long-th- feet

S .. .. it. _ /~ Pt - fno dimcnrioit
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ABSTRACT

Experiments have been conducted to determine the foroes in mooring cables
caused by wave action on floating structures. Empirical data are presented in
graphical form showing the relationship of these forces to the several variables
involved. All data are presented in tabular form, and a few typical cases are
extrapolated to prototype conditions. Quantitative measurements were made of
the horizontal cable force exerted by the mooring cable on a force meter at the
bottom, the surface time history of the waves transmitted past the structure,
and the surface time history of the waves without the model in the water. The
major variables are established and the results are sunnarized in dimensionless
plots. The models used were a cylinder, a rectangular block and a model of a
military floating breakwater, the Bo-abardon. The two dimensional study was con-
ducted in a 1 foot by 3 foot by 60 foot wave channel in the Fluid Mechanics
Laboratory of the University of California, Berkeley.

INTRODUCTI ON

The problem of providing adequate moorings for floating objects has existed
since the bl 0 ir;ning of w-ater borne travel. In order to design an adequate mooring
system, it is necessary to predict the order of magnitude of maximum force that will
be exerted on the system. In most cases, the problem of providing adequate moor-
ings is negated by mooring the object in a sheltered position so that it is not
subject to the Larie fiorces imposed by ocean waves.

j'h na sheitero& uositioa is not readily obtainable, the moored object may
be subjected ;o laru; .te ,oroe. The purpose of this study -.as to investigate
the ef fect o such lar.,e wave forces upon the mooring system of a floating nbject
and to correlate sich eilects with certain easily determined quantities, such as,
wave length ,nc r!eight, depth of water, and model form characteristics.

4ISTORY

The mcst notable attenpt t3 moor any number of floating objects of ap-
preciable :iLe In large ••aves was made in the English Channel off the coast of
Normandy, Frziice, innadiately following "D" day, in June 1944. At this time a
considerable nuiLer of floating breakwaters were secured in place to provide an
artificial harhore A, few days after the harbor had been completed, a storm of
mAni xt-e -wuco~dc in the previous forty years (during this time of year)
caused tn-a •tora -ysa. of the breakwaters to fail, and the entire system of
breakw-Aters, ,s•;-v.et a.ay. had this failure occurred a few days earlier, the
result -lii naT? :een 'ven -r-ro cailitarily disastrous than it was.

There arfl aLLo s'3leral reported instances of large ships dragging their

anchors aac trhakiar thuir anchor chains when subjected to the forces caused by
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large storm waves, and serious economic losses have been incurred in this manner.
Recent considerations of possible methods of drilling for offshore oil indicate
that it might be possible to support an adequate drilling operation from a
floating barge. The mooring system of such a barge must necessarily be stable
in order to insure a successful operation.

QUAN!TITATIWE ANALYTICAL CONSIDERATIONS

Wave energy is manife ted in the kinetic and potential energy of the

individual water partioles( * . If an object is moored in trains of water waves
in such a manner that the object can interrupt the motion of the individual
particles, the object will necessarily dissipate some of the wave energy that
would normally have been transmitted past the structure. This reduction in trans-
mitted energy can be achieved by reflection or by turbulence. If the energy is
reflected, a force will be exerted on the structure. This force will either cause
an increase of linear and/or angular momentum of the structure.

Insofar as a floating breakwater is concerned, it is advantageous for
this force to act on the momentum of the structure and thus reduce the force in
the mooring system of the structure. Conversely, for cases of the drilling
barge, whose displacement with respect to the still water level must be small,
most of the forces should be transmitted to the mooring system of the barge.

It can be shown tht for certain conditions the momentum of the structure
can account for only a given percentage of the force and that above a certain
limiting wave condition the percent of wave force imparted to the mooring system
will increase rapidly. Since wave energy is proportional to wave height squared,
it is seen that any reduction of wave height requires a correspondingly greater
reduction of wave energy, aud therefora,----------------- 0 y larger forces will
be exerted on the object.

The amount of energj manifested in a given stratum of waiter for a given
wave condition is described by the relative depth of the water. For deep water
(d/L >> .5) most cf tne wa-ze energy is concentrated relalvaly close to the
surface; fhile for shalllov water ýd/L<<0.5) the energy is more evenly dis-
tributed writh respect to depth. By using Hi/L it is possible to describe the
wave form.

Because the individual water particles exert force on the structure,
it can be inferred that if -1h-e structure is long compared with the wave length
there waill be a series oa' positive and negative force contributions along the
length of the objeot, -;-th a small resultant force acting over a large area.
Conversely, for a relatively small ratio of model length to wave length, one
might expect a larger resultant force to be exerted. Therefore X/L, the
ratio of model length to wave length, should be a parameter.

While relative depth determines the slore of the energy gradient at any
one depth, the draft of the model will determine the amount of energy to which
the model will be exposed. Hence, a combination of draft and depth (D/d) is used
as a parameter in combination -. ith d/L.

Statisticau analysis of ocean wave records has shown +hat for an open

Numbers in parentheses refer to References at end of report.
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ocean wave condition, the maximum wave height of a given sample of , vea cg be

expressed by a constant,times the average wave height of the sample ' ZJ.

Past experience indicates that valuable data can be obtained from laboratory
experiments where wave length and height are held constant, even though ocean
wave records indicate a random distribution of length and height, Thus, even

though' the laboratory study indicates a maximum force (for the seaward cable only)

of approximately twice the average force, it is entirely possible that for proto-

type conditions the maximum force could be expressed as any reasonable number

times the average foracI

EMPIRI CAL PROCEDURE

A series of experiments was planned to cover a wide range of the major
variables in order to obtain quantitative results. The purpose of the experimen-
tal study was to determine the mooring cable forces caused by wave action and to
identify the major variables influencing these forces.

Quantitative measurements were made of the horizontal cable force

(hereinafter called "force") exerted on the cable force -meter at the bottom,
the incident wave surface time history wlth the model out of the water, and the

surface time history of the waves transmitted past the structure. It should be
emphasized that the incident surface time history was measured with the model
out of the channel and that the actual surface time history of the waves in-
cident upon the model was complicated by reflections from the front of the model.
No data were taken when the incident surface time history was complicated by
reflections from the model which were then returned to the model by re2flent-ion

from tegenerator.

For each wave height and mooring condition, three trials of data were
taken and the results were averaged. It is expected that this averaging pro-
cedure reduced the scatter of experimental points.

LABORATORY EQUIFAMINT AND PROCEDURE

The laboratory equipzrent consisted of a steel and glass wave 'channel
1 foot wide by 3 feet ddep by 60 feet in length, with a wave generator at one
end and an absorber beach at the opposite end. A damping device was located
near the generator ir order to dc p out any reflected waves (Figure 24). Pa-
rallel wire resistance elsments'J were used to measure the incident and trans-

mitted wave heights, and a special force meter was designed to record the

mooring cable force. All data w,•ere recorded on a two channel Brush Recording
Osoillograph (Fi_,ur3 26). Brush Universal Analyzers (Figure 26) provided the
neoe'saary power supply and amplification facilities for the force meter and for
the resistance en:tents. It was also necessary to use an external gain and a

oeatering devicn I -improve on the external circuit of the Brush Oscillograph
used to record wave heights. This is also showm in Figure 26. The improve-
ments affordec by this addition werej improved gain and centering control,
and no zero drift.

To simplify instrument construction, it was decided to build a force

meter which '.'ould measure the horizontal pull that the cable exerted at its

bottom mooring. Hence, as noted before, any tJ Ea •rezented herein as force
is the horizontal cable force as measured at the buttom of the wave channel,
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and corresponds to a. horizontal anchor pull.

The principle of the Wheatstone bridge was used to design the force
meter. This pninciple (Figure 28) states that for four equal resistances,
connected as shown in the drawing, with the input as indicated, the voltmeter
(recorder) will give no reading; but if the ratio of resistances in the opposite
arms of the bridge stays the same, and adjacent resistances are varied, the re-
cording oscillograph will show a reading.

The meter (Figures 27, 28) was composed of a metal base plate and a
cantilever stainless steel beam, which was supported laterally by a vertical
piece of steel projecting from the front of the base plate. Upon this beam
four Baldwin 120 SR4 strain gages were mounted, two to a side, as seen in
Figure 28. These gages consisted of carefully matched 120 ohm resistances
in the form of several lengths of wire about 5/8 inch long, pasted to a piece
of hard paper.

The gages were attached to the steel bar, using a special cement. W•hen
the bar was bent, the extreme fibers of the metal and the wire of the strain
gage deformed as a unit, and the bridge was unbalanced. ,.s the bridge is un-
balanced, the recording oscillograph records the change in voltage drop across
the arms of the bridge.

After the gages had been mounted on the bar, approximately thirty feet
of four conductor shielded wire was attached to the strain gages, and the
shielding was attached to the metal base plate. The strain gages were then
covered with inAyer nf' okonite tape. and one coat of neoprene rubber precoat and
seven ooats of neoprene rubber maintenance coat were applied to the taped area
on the bar. The meter was thus ready for operation, being coxupletely ;waterproof.

Using the above-described equipment, the experimental procedure was as
follows:

1. Waves were generated in the channel. and the initial undisturbed
surface time history was measure4.

2. A model wae inserted in the channel.

3. The height of the waves transmitted past the model was measured.

4. The horizontal force exerted by the cable on the force meter at the
bottom ,,as measured.

This w-as done for several models and for a series of wave lengths, wave heights,
and water depths. After each run sufficient time was allowed for the water to
become quiescent before the next run was started. A scope of 6 was used in all
experimental runs. For the two cable mooring, the only force measured was that
in the seaward r-able.
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RESULTS OF THE EXPERIMENTAL INVESTIGATIONS

Rectangular Block:

The variation of force is presented as a function of four parameters,
X /L, D/d, d/L and Hi/L. Tese data are presented in Figures 4, and 6-14,
and in Tables I and II. The plot of breakcwater efficiency and transmission co-
efficients as a function of wave steepness shows no real efficiency variation with
steepness. The plot of transmission coefficieut and efficiency as a function of
X /L shows that both mooring systems exhibit the same efficiency characteristics
for -values of X/L greater than 0.56. However, below this value, the block with
seaward and leeward moorings is the more efficient.

If the model is moored with one cable*, the force on the mooring cable
will increase at an increasing rate as wave steepness increases; while when the
model is moored both seaward and leewt-_•r the force variation is almost linear
with steepness. With the 'two cable moorings the absolute maximum force is little
different than the average maximum force. This is shown in the sample record in
Figure 22.

For one cable, a comparison of the average maximum force for each case
with the absolute maximum force for each condition can be made from observattqn
of Figures 4 and 6. It is seen that the absolute maximum force is approximately
twice the average maximum force.

Thu severl. .orosplot• of fo-re_ _ as a . .unctIon of ratio of model length to
wave length indicate that above a certain value of X/L the force will be small,
but that for ratios below this critical value the force will become larger and
will increase rapidly as X/L becomes smaller. The critical values of X /L
can readily be determined from the graphs.

The ratio of draft to depth, D/d, indicates the extent to which the model
is exposed to wave energy. As this ratio is increased (for constant d/L ),the
correspondint mooring forces become larger. h.is is confirmed by the studies made
with the Bombardon anm the -yllnder. Figure 20 shows the effect of D/d for the
Bombardon, using the same relative depth.

An interesting phenomenon -as observed for the block when it was moored
with one cable only. For some ii*ve conditions the force in the cable was exerted
only every three or four waves. It is believed that this can be explained in
the following merror. At the beginning of the cycle the cable is taut; as soon
as a wave crest passes the block, the resultant hydrodynamic force on the block
shifts to the sea.ard direction, and the force in the cable - along with the
hydrodynamic force - tends to accelerate the block seaward. As the block is thus
put in motion, the vave forces must first stop the block's seaward motion and
then accelerate it shoreard again before another cable force will be recorded.
A typical "cyclic" force record is shown in Figure 21.

Hereafter, one-cablo designation applies to a single cable on the seaward side;
two-cables designates moorings on the seaward and leeward sides with force
measured only in the seaward cable.



Dombardon Fl oating- Break-water?

The Bombardon floating breakwater was used in "Operation Overlord", the
invasion of Normandy, France, in June 1944. The basis of design of the structure
was to make its natural jrnriod long compared with the •iave period, so that re-
sonance effects would be small and energy dissipation could be achieved through
utilizing the momentum of the structure.

As the wave force is applied to the structure, little force is trans-
mitted to the mooring system. For very long waves (small X/L), the structure is
not efficient as a breakwater, and large stresses are set up in the mooring system.
It can be ovserved (Figure 15) that efficiency does not vary appreciably with
steepness, while Figure 16 shows that efficiency is definitely a function of

X /L. Apparently the Bombardon exhibits the same tendencies as the block
insofar as the critical values of X/L are concerned. The graphs indicate that
the mooring cable force increases at an increasing rate as wave steepness increases,
but that the resultant forces are less than those obtained for the block and
cylinder. It should be emphasized that the force on the Bombardon mooring is
reported as force in pounds, and not as a dimensionless number.

Cylinders

Of the three test models, the mooring system of the cylinder was subjected
to the largest forces for the given range of variables. This might be due to the
fact that the mass of the cylinder is approximately three times larger than that
of either the block or the Bombardon. Since oscillatory flow sets up the ne-
cessary conditIvos for impact force-s tob e e.xe..rtedAa 3 the larger mass of the cylinder
indicates larger mooring cable forces due to its increased momentum.

Figure 20 shows the comparison of force as a function of steepness for
all of the models for given relative depth.

CONCLUSI ONS

1. Using the exper-imentally determined data, it mignt be pobsib1e to predict
the order of magnitude of mooring cable forces for structures of the Bom-
bardon, re,•tanrglar block* and cylindrical shapes.

2. The several para.aezrs, d/L, X/L, D/d and H1 /L can be used to describe the
Corue on the mooring system for a floating object subject to wave action0

3. If the moored object has both seaward and leeward anchors, the mooring cable
force ýaill be much larger than the force in the case where one cable is used.

4. Althou~ .- ll variables were held constant for the case of a single mooring
line, the force varied. The maximum force was found to be approximately
t-mice the average force.

See numerical example, Appendix I.
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APPENDIX I.

NUMERICAL EXAMPLES.

Steps to be followed in using model study data to predlit prototype foroes in
seaward cable ;vith a rectangular block.

1. Givens , L, dc, H, 5, S.

Compute: X/L, Wi'L, D./6.

2. Determines

I -for seaward cable only (Figure 6)
SD w

for two-cable mooring (force in seaward cable only)

X D w (¼igure 7)

3. Compute total prototypo force (horizontal component)

B ý barge width

FM prototype (B) 2M model (X D w) B-lbs

FA prototype (B) - FAmodel (XIDa) B - lbs searard force.

All for es measured horiLontally at bottom.



4. Compute total prototype force

F Fp(I)
cos (sin•i (1:/d)

COMPUTATIONS

1. Assumes L = 500 ft., X 200 ft., d - 55 ft., H 10 ft.

D = l0 ft., S 6, B 40 ft.

x *.2 2 DCompute -= 0.40 0..18

2. FM 0.035

FA :0. 10

3. FMB (0-035) X ) (D) (W) (B)

= (0.035) (200) (10) (62.4) (40)

- 175,000 lbs.

FA B : (0.10) (200) (1C) (62.4) (40)

- 500,000 lbs.

4. cos (sin-! <el) ) cos 9.60

P B

- 177,500 lbs.

=s; 506,3000 lbs. 
(2)

In each of the two cases sufficient mooring cable must be provided to take this
load, that is,

(a) Single seaward cable
177,500 lbs.
20,00) IbS/n2 5 8.875 in2 of steel

(b) Seaward cable force with sbiaward and leeward mooring

506,000 lbs.i2 = 25.3 in 2 of steel

Anchor holdin, po.,er will determine the number of cables that must be



TABLE I
SUL-MkRY (F PESULTS.
RECAI',ITJLAR BLOCK

Type cf Moorin• ____

Single Cable 2-Cable -

T L HiH FA FA F FA E F
L FA -A

Run see ft. ft. _bs. _Dw ibs: _ _ _ _ _ % lbs XDw %

1 0.60 1.82 0.081 0.825 0.044 0.111 0.0079 0.209 0.0149 67 0.386 0.0276 63
2 1 " 0.047 " 0.026 0.052 0.0037 0.092 0.0066 70 0.356 0.0254 66
3 0.70 2.45 0.191 0.612 0.076 0.492 0.0350 0.888 0.0638 81 1.576 0.i130 77
4 " " 0.094 " 0.037 0.242 0.0159 0.575 0.0411 65 0.914 0.0651 58
5 " " 0.053 " 0.022 0.065 0.0047 0.149 0.0106 59 0.571 0.0407 60

6 0.85 3.39 0.228 0.442 0.067 0.914 0.0655 1.959 0.1390 39 3.670 0.2610 49
7 "I 0.165 " 0.049 0.380 0.0271 0.888 00638 34 2.620 0.1830 46
8 " " 0.101 I 0.030 0.243 0.0173 0.706 0.0505 27 1.760 0.1255 50
9 It " 0.058 " 0.017 0.022 0.0016 0.269 0.0192 34 0.936 0.0668 45

10 1.05 4.58 0.273 0.328 0.060 2.310 0.1650 4.210 0.3010 10 7.280 0.5190 33
11 a " 0.218 " 0.048 0.958 0.0680 1.850 0.1322 12 4.910 0.3500 24
12 " " 0.154 " 0.340 0.391 0.0279 1.350 0.0964 3 3.870 0.0276 24
13 " " 0.108 ' 0.024 0.139 0.0099 0.419 0.0299 7 2.960 0.2110 40
14 " I 0.059 a 0.013 0.095 0.0068 0.209 Q•.0149 13 1.430 0.1020 34
15 1.25 5.78 0.194 0.255 0.034 0.680 0.0485 1.850 0.1322 9 5.070 0.3620 9
16 " " 0.138 " 0.024 0.227 0.0162 0.624 0.0445 5 3.730 0.2660 7
17 " " 0.083 " 0.014 0.153 0.0108 0.888 0.0638 2 2.490 0,1770 16
is " . 0.042 " 0.007 -- -- -- 7 0.848 0.0605 18

3- 6 D 0.15 feet d " 0,835 4'Nt
X 1.50 feet D/d = 0.18 T. - (2 cables) = 0.18 pounds

TABLE II
SU"=RY OF RESULTS

REC T&NC0 L&R BLOCKRE TN &RBLC Type Mooring
I Gable 2 cables

T LA FA F FA
RuzL see. ft. f. L lbs. Dw is.

25 1.29 4.86 0.1:58 0.309 0.033 0.740 0.0528 2.120 0.1510
26 a " J.18 0.033 0.740 0.0528 2.180 0.1553
27 V 3.096 0.020 0,321 0.0229 0.915 0.0652
28 " " 0.049 u 0010 0'058 0;0041 0.311 0.0222
29 1.00 3.60 0.061 0.417 0.017 0.034 0.0024 0.504 0.0359
30 " " -0.118 0.033 0.307 0.0219 1.220 0.0869
31 " 0.161 0.045 1.300 0.0926 2.240 0.1595
32 0.86 2.97 0.151 0.505 0.051 0.716 0.0510 1.690 0.1204

35 0.098 0.033 0.160 0.0114 0.772 0.0550
34 " 0,048 " ¾,016 -. -- 0.302 0.0215

35 0.72 2.32 0.050 0.647 0.022 0.018 0.0013 0.279 0.0199
36 " " 0.131 0.056 1 0.215 0.0153 0.706 0.0503

S = 6 D a 0.15 feet d = 0.500 feat

X = 1.50 feet D/d = 0.30 w - 62.4 pounds
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TABLE III
SUMI-LRY OF RESULTS

B0k•BARDONl

Run L Hi X Hi A E
sec ft. ft. L l bs. peroent

38 0.84 3;56 0.300 0.281 0.084 0.565 58
39 0.250 0.070 0.328 55
40 0.169 0.047 0.168 61
41 0.095 0.027 0.037 62
42 1.05 5.32 0.081 0.188 0.015 0.018 5
43 0.136 n 0.026 0,070 7
44 " " 0.208 0.039 0.195 13
45 0.262 0.049 0.404 14
46 0.72 2.65 0.159 0.377 0.060 0.210 75
47 0.111 0.042 0.089 79
48 0.061 0.023 0.020 88

S 6 D= 0.56ft. d 1.50ft

= i.oo' D/d = 0.373

AB LE IV
SUMIARY OF RESULTS

BOMBARDON

T L Hi ,x FA1 FAE
Run sec it. ft. l L Ibs. percent

50 3.92 4.0k 0.20$ 0.248 0.050 0.348 44
51 0". 122 0.030 0.096 34
52 " .062 " 0,015 0. C,0 3% C
53 0.84 3.4j 0.211 0.292 0.062 0.408 60
54 " 0.086 0.025 0.154 48
55 0.057 0.017 0.02C 56
56 -.C- 2.55 0.246 0.392 0.096 0.426 74
57 0.169 0.066 0.176 79
58 " 0-.086 0.034 0.048 87
59 0.CO 1.84 0.12-1 0.543 0.067 0.094 89
60 " U 0.083 0.045 0.023 91
91 0.045 T 0.024 0.011 88

IS 6 D -. 56 ft. d = 1.00 ft.Ix
ix Zid ;!; 0 ,5$



TABLE V.
SUNIftRY OF RESULTS

CYLINDER

TH X Hi TA
Run s ft. ft. L-- ls. -percent

62 1.02 4.66 0.310 0.215 0.066 0.923 0.0296 -
63 " 0.305 0.066 0.604 0.0194 -
64 0.149 0.032 0.097 0.0031 -
65 0.86 3.57 0.220 O.Z80 0.062 1.056 0.0338 50
66 0.114 0.032 0.238 0.0077 48
67 0.029 0.008 0.070 0.0022 44
68 0.71 2.55 0.185 0.392 0.074 0.494 0.0158 -
69 0.130 0.051 0.216 0.0069 -
70 0.057 0.022 0.145 0.0046 -
71 0.58 1.71 0.108 0.585 0.063 0.124 0.0040
72 0.073 0.043 0.039 0.0012 -

0 ft, 1.00 ft. D - 0.50 ft. daf = 0.50
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